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ABSTRACT 

Mahaffee, W. F., Turechek, W. W., and Ocamb, C. M. 2003. Effect of 
variable temperature on infection severity of Podosphaera macularis on 
hops. Phytopathology 93:1587-1592. 

The effect of variable temperature on the infection severity of Po-
dosphaera macularis was investigated. Potted ‘Symphony’ hop plants 
were inoculated and exposed to different temperature regimes that in-
cluded supraconducive temperatures (30 to 42°C) for varying periods of 
time (2 to 9 h). Infection severity (lesions per cm2 of leaf area) was calcu-
lated 7 to 10 days after inoculation. Immediately exposing inoculated plants 
to 30°C for as little as 2 h significantly (P � 0.05) reduced infection se-
verity compared with exposure at a constant 18°C. However, exposure of 
inoculated plants to optimal conditions for 24 or 48 h prior to exposure to 
supraconducive conditions reduced this effect for plants exposed to 30, 
33, or 36°C. Exposure to 39 or 42°C for 2 or more hours resulted in in-

fection frequencies not significantly different from that of the uninocu-
lated control regardless of prior exposure to favorable conditions. Expo-
sure to simulated field temperatures programmed into growth chambers 
indicated that inoculation at 1700 or 2100 h resulted in significantly more 
disease than did inoculation at 0900 or 1300 h. Plants exposed to supra-
conducive or simulated field temperatures for 7 days prior to inoculation 
developed significantly lower disease severity than did plants maintained 
at 18°C for 7 days. The magnitude, length, and time of exposure to supra-
conducive temperatures in relation to time of inoculation plays an impor-
tant role in the development of hop powdery mildew, and rules address-
ing these variables could be a useful addition to disease risk assessment 
models. 

Additional keywords: Humulus lupulus, Sphaerotheca humuli, Sphaero-
theca macularis. 

 
Hop powdery mildew, caused by Podosphaera macularis Braun 

& Takamatus (formerly Sphaerotheca macularis (Wallr.:Fr.) Lind 
syn. S. humuli (DC.) Burrill), is the most economically important 
disease of hops (Humulus lupulus L.) worldwide (15). The disease 
has been a long-time problem in European hop production and is 
arguably the leading threat to hop production in countries where 
the pathogen is not indigenous. In 1997, P. macularis spread to all 
hop-growing regions in North America and Europe (15). Losses 
associated with the disease include reduced yield due to aborted 
flowers and cones, a decrease in plant vigor, diminished cone 
quality, and increased fungicide usage (14). In the Pacific North-
west, losses due to these factors approached $30 million in 1999 
and 2000, or about 15% of their total crop revenue (Ann George, 
administrator, U.S. Hop Industry Plant Protection Committee, 
personal communication). Despite the worldwide importance of 
this disease, there is a limited understanding of its epidemiology 
and etiology. This limited understanding has hindered develop-
ment of sound management of hop powdery mildew in the Pacific 
Northwest since its introduction in 1997. 

In previous work, we examined the effects of constant tempera-
ture and leaf age on disease development (22). Disease developed 
in the range of 12 to 27°C, and no infection occurred at a constant 
temperature of 30°C. The optimal temperature for infection, 
growth, and sporulation of P. macularis was 18°C. Leaves were 

susceptible to infection for nearly 2 weeks, but the degree of sus-
ceptibility declined steadily with increasing leaf age. 

The effects of constant temperature on the ability of various 
species within the family Erysiphaceae to cause disease have been 
examined by numerous researchers (3,4,22,23,25). Yet, there have 
been only a few investigations on the effects of variable tempera-
ture on disease development (18,23,29). In the Pacific Northwest, 
environmental conditions from June through September fluctuate 
between inhibitory temperatures (supraconducive) during the day 
and conducive conditions at night (22). It is common for tempera-
tures to reach daytime highs of 35 to 40°C with nighttime lows of 
15 to 20°C in both the Yakima and Willamette Valleys of Wash-
ington and Oregon, where hops are produced. To understand fully 
the effects of temperature on the development of powdery mildew, 
it is necessary to examine how variable temperature affects dis-
ease development. Of particular interest is how infection is im-
pacted when conidia are exposed to periods of supraconducive 
(i.e., �30°C) temperatures preceded or followed by conducive 
conditions. This knowledge will increase our ability to develop ef-
fective management programs for P. macularis in the Pacific 
Northwest, including a hop powdery mildew forecaster. 

The objective of this investigation was to assess the effects of 
variable temperature on the infection severity of P. macularis. 
First, the effects of immediate and delayed exposure to supracon-
ducive temperatures were examined. Second, programmable growth 
chambers were used to simulate field conditions for a single 24-h 
period, and hop plants were introduced at various points repre-
senting times of potential conidial spread. Lastly, the effect of 
temperature on the susceptibility of the host was investigated 
based on observations made while investigating the first two ob-
jectives. It was observed that exposure to elevated temperatures in 
growth chambers resulted in reduced leaf size compared with that 
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of inoculated controls, and the susceptibility of greenhouse-grown 
plants changed over the course of the year. 

MATERIALS AND METHODS 

Plant maintenance. Clonal plants of the highly susceptible va-
riety Symphony (John I. Haas, Inc., Yakima, WA) were produced 
from greenwood cuttings (6), planted in 1-liter pots with Sunshine 
Mix #1 (SunGro Horticulture, Bellevue, WA), and grown under 
greenhouse conditions (15 to 26°C) with at least a 15-h photo-
period. Plants were watered as needed and supplied at watering 
with Champion 17-17-17 fertilizer with micronutrients (McCon-
key’s, Portland, OR). Plants were maintained powdery mildew-
free by vaporizing sulfur in the house each night for 4 h. 

Inoculation procedure. A field population of P. macularis was 
used in all experiments. The population consisted of several single-
conidial-chain isolates of P. macularis obtained from Oregon hop 
yards. The isolates were maintained in growth chambers through 
successive transfers on potted ‘Symphony’ plants incubated at 
13°C with a 15-h daylength (~300 µmol/m2/s). 

Inoculum was prepared by collecting infected hop leaves from 
the growth chamber and washing conidia from the leaves with a 
0.005% (vol/vol) solution of Tween 20 and ultra-pure water 
(Nanopure with organic-free cartridge kit [Barnstead, Dubuque, 
IA]). Plants were inoculated with a spore suspension of 20,000 co-
nidia per ml until just before runoff by using a handheld atomizer 
(Nalgene, Rochester, NY). Spore suspensions allowed more pre-
cise and repeatable deposition of conidia on leaves of a large num-
ber of plants than did a settling tower, in which overlapping leaves 
resulted in large areas of uninoculated leaf surface (W. F. Mahaffee, 
unpublished data). Leaves were air-dried within 1 h of the prepa-
ration of the conidial suspension to prevent lysis of conidia and 
then placed into growth chambers with a 15-h daylength set at 
various temperatures. 

Disease assessment. Infection severity was used as a measure 
of disease severity. Infection severity was calculated by counting 
the number of lesions per leaf 7 to 10 days after inoculation and 

dividing this value by leaf area (cm2). The effect of ontogenetic 
resistance (22) was reduced by using only the first two nodes with 
fully unfurled leaves (two leaves at each node) at the time of in-
oculation to measure infection severity. Leaf area was determined 
by using the average of two measurements obtained with a Li-Cor 
LI-3000 leaf area meter (Li-Cor Inc., Lincoln, NE). Infection se-
verity was then averaged across the leaves for each plant. In previ-
ous work, there was a correlation between infection severity and 
lesion size (a measure of the resistance to colonization) (22); 
therefore, measuring infection severity also provided qualitative 
information on lesion size. 

Experimental design. Unless stated otherwise, all experiments 
were arranged in a split-plot design with various temperature 
treatments serving as the whole-plot factor (defined individually 
for each experiment below) and pre-exposure time, exposure time, 
or both serving as the subplot factors. Replication in time served 
as the blocking factor. Three replications were done for each ex-
periment, except where indicated. Noninoculated plants were 
placed at 18°C to determine ambient levels of infection and served 
as the noninoculated control. Temperatures were randomly as-
signed to growth chambers for each replication, and two to four 
plants were examined for each factor combination and control 
treatment (subsamples). The mean infection severity from the two 
to four plants was calculated for each replication and used in the 
analysis. Three-way analysis of variance (ANOVA) was con-
ducted by using the GLM procedure in SAS (SAS Institute, Cary, 
NC). The factors were block, main plot, and subplots. Compari-
sons among factor means were done by using Fisher’s protected 
least significant difference test (P = 0.05). 

In selected experiments, regression analysis was performed to 
quantify the effect of temperature and immediate or delayed expo-
sure time on infection severity. The mean infection severity over 
all replications for the factor combinations in question was calcu-
lated (5). The means were square-root transformed and regression 
analyses of all subsets were used to select the best combination of 
the dependent variables temperature, exposure time, and various 
transformations of these variables. Residual plots, influence diag-
nostics, Mallow’s Cp statistic, a normal probability plot, and com-
mon sense were used in the selection of an appropriate model. 

Effects of variable temperature on infection severity. In the 
following experiments, two plants (subsamples) were inoculated 
for each combination of factors, and uninoculated controls were 
placed in each chamber and monitored for disease. Temperature in 
each chamber was monitored with a HOBO pro Series RH/Temp 
data logger (Onset Computer Corp., Bourne, MA). 

Immediate exposure to supraconducive temperatures. This ex-
periment was designed to determine the time of exposure at supra-
conducive temperatures necessary to inhibit disease development. 
Plants were inoculated as described above and exposed to tem-
peratures of 30, 33, 36, 39, or 42°C (main-plot factor) for 0, 3, 6, 
or 9 h (subplot factor) and then incubated at the optimal tempera-
ture of 18°C for 7 to 10 days. These supraconducive temperatures 
were chosen based upon temperatures observed at 1.8 m above 
ground level in hop yards in 1999. Four replications were con-
ducted. 

Delayed exposure to supraconducive temperatures. Plants were 
inoculated and placed at 18°C for 0, 8, 24, or 48 h (subplot), 
moved to 30, 33, 36, 39, or 42°C (main plot) for 6 h, and then re-
turned to 18°C for 7 days. This experiment differs from the first in 
that plants were exposed first to conducive conditions, with the 
hypothesis that infection and subsequent disease development would 
be affected less by supraconducive temperatures after incubation 
under conducive conditions. Three replications were conducted. 

A second experiment was conducted to examine in more detail 
the effects of delayed exposure times of <8 h. The main plot was 
exposure temperature, with subplots being combinations of pre-
exposure time and exposure time. Pre-exposure time consisted of 
exposing inoculated plants to 18°C for 3, 5, or 8 h (subplot) prior 

 

Fig. 1. Temperature regimes for experiments on the effect of fluctuating tem-
peratures on the infection severity of Podosphaera macularis on hops. A,
Averaged temperature data from 13 hop yards in the Yakima Valley, WA, for 
8 May 2000 (solid line) and 9 August 2000 (dashed line). These days were 
randomly chosen from their respective months. B, Hourly observations from 
a hop yard in Mabton, WA, for 26 May 2001 (solid line) and 2 July 2001 
(dashed line). These days were chosen because they represented the first day 
of two different heat waves in the region. 
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to exposure to supraconducive temperatures of 30, 33, 36, 39, or 
42°C (main plot) for 2, 4, or 6 h (sub-subplot). After completing 
exposure to supraconducive temperatures, plants were returned to 
18°C for 7 days to allow disease to develop. For example, one in-
dividual treatment consisted of placing two inoculated plants at 
18°C for 5 h, exposing them to 36°C for 4 h, and then incubating 
them at 18°C for 7 days. A control consisting of inoculated plants 
placed at 18°C for the duration of the experiment was used as a 
reference. Additional treatments consisted of noninoculated con-
trols. Two replications were conducted. 

Exposure to simulated field temperatures and effect of time of 
inoculation. Plants were inoculated and then placed into program-
mable growth chambers (PGR15 with a CMP4030 controller; 
Convrion, Inc., Winnipeg, Manitoba, Canada) with temperature 
regimes representing 8 May 2000, 9 August 2000 (Fig. 1A), or a 
constant 18°C (main plot). Temperature data used to program the 
chamber was originally collected from 13 hop yards in the Yakima 
Valley, WA, with HOBO Pro data loggers (1.8 m above the soil) 
programmed to record air temperature data every 15 min. The  
15-min-interval data were averaged over the 13 hop yards, and 
this was averaged in 2-h intervals (e.g., temperature value for 
0600 h represents the average of temperature readings from  
0515 to 0700 h for all 13 field observations). The chambers were 
programmed to ramp between data points to simulate diurnal 
temperature fluctuations observed in the field. These days were 
randomly chosen from their respective months. 

Three plants per temperature regime were inoculated at 0900, 
1300, 1700, or 2100 h (time of inoculation); placed in a growth 
chamber; exposed to that temperature regime for 24 h; and then 
moved to 18°C for 9 days or left at that temperature regime for  
10 days. The main plot was temperature regime with time of inocu-
lation serving as the subplot. Three replications were conducted. 

Effect of temperature on host susceptibility. Effect of con-
stant temperatures. Growth chambers were maintained at 18, 24, 
26, 28, 30, and 32°C and six plants were placed in each chamber. 
After 7 days, the plants were inoculated with a powdery mildew 
spore suspensions as described above and then incubated at 18°C. 
Plants were assessed for disease 10 days after inoculation. Three 
replications were conducted. 

Exposure to simulated field temperatures. Nine plants were 
placed in growth chambers programmed with hourly data col-
lected from a hop yard in Mabton, WA, from 26 May 2001, 2 July 
2001 (Fig. 1B), or at a constant 18°C (main plot). These particular 
days were chosen because they were representative of two differ-
ent heat waves in the Yakima Valley. After 7 days (the time for 
two leaves to become fully expanded), plants were inoculated at 
1700 h and placed at 18°C for 10 days. In addition, uninoculated 
controls were left at each temperature regime for the duration of the 
experiment. Two replications of this experiment were conducted. 

RESULTS 

Effects of variable temperature on infection severity. Imme-
diate exposure to supraconducive temperatures. The quantitative 
factors temperature (T) and exposure time (ET) had a significant 
effect on the infection severity (IS) according to ANOVA. In-
creases both in temperature above 30°C and in exposure time to 
supraconducive temperatures for >3 h resulted in a significant de-
crease in infection severity. There was no significant exposure 
time × temperature interaction (P = 0.55); the means for each fac-
tor are presented (Table 1). Regression analysis was used to de-
scribe the relationship between temperature and exposure time. 
The best-fitting regression equation was (Fig. 2A) IS1/2 = 1.59 – 
(0.870 × ET) + (3.00 × ET1/2) + (0.0275 × T × ET) – (0.106 × T × 
ET1/2) (R2 = 94.5%). 

Delayed exposure to supraconducive temperatures. The quanti-
tative factors temperature (T) and delayed exposure time (DET) 
had a significant effect on the infection severity (IS) according to 
ANOVA. Infection severity increased proportionally with the de-
lay of exposure to supraconducive temperatures after exposure to 
18°C (Table 2). Infection severity decreased as temperature in-
creased from 30 to 42°C. There was no significant interaction be-
tween temperature and delayed exposure time (P = 0.36). Regres-
sion analysis was used to describe the relationship between infection 

TABLE 1. Effect of exposure to supraconducive temperaturesw on the infection 
severityx of Podosphaera macularis on hops immediately after inoculation 

Exposure time Exposure temperature (°C) Exposure time 
(h) 30 33 36 39 42 meany 

0 2.50 2.33 2.55 2.56 2.63 2.51 
3 1.34 1.09 0.36 0.005 0.001 0.57 
6 1.05 0.21 0.007 0.001 0 0.26 
9 0.7 0.32 0.002 0 0 0.21 
       
Exposure tem-

perature meanz 
 

1.41 
 

0.9 
 

0.73 
 

0.67 
 

0.65 
 

w Plants were inoculated with a conidial suspension, air-dried, incubated at tem-
peratures and time periods shown, and then incubated at 18°C for 7 days. 

x Mean infection severity (number of lesions per cm2 of leaf area) of four 
replications in time. 

y Mean infection severity at said exposure time across all exposure tempera-
tures. 

z Mean infection severity at said exposure temperature across all exposure 
times. 

 

Fig. 2. A, Relationship between infection severity of hop powdery mildew 
and temperature after 0 (�), 3 (�), 6 (�), or 9 h (�) of exposure to supra-
conducive temperatures immediately following inoculation. Plants were held 
at 18°C after exposure to allow disease to develop. Symbols represent mean 
infection severity over three replications. The lines represent the best fit ac-
cording to multiple regression analysis. B, Relationship between infection 
severity of hop powdery mildew and temperature after 6 h of exposure to 30, 
33, 36, 39, or 42°C at 8 (�), 24 (�), or 48 h (�) after inoculation. Plants 
were held at 18°C prior to and after exposure to supraconducive tempera-
tures to allow disease to develop. Symbols represent mean infection severity 
over three replications. The lines represent the best fit according to multiple 
regression analysis. 
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severity, temperature, and delayed exposure time. The best-fitting 
regression equation was (Fig. 2B) IS1/2 = 2.23 – (0.0021 × T2) – 
(0.0401 × DET) + (0.535 × DET1/2) (R2 = 82.3%). 

No infections were observed on plants exposed to 39 or 42°C for 
8 h after inoculation, while several small colonies were observed 
on the youngest leaves (i.e., first node) at the time of rating on 
plants exposed to 39 and 42°C for 24 and 48 h after inoculation. 
There was no significant exposure time × temperature interaction 
(P = 0.55); thus, means for each factor are presented (Table 2). A 
75% reduction in infection severity was observed with as little as 
3 h of exposure to supraconducive temperatures. Similarly, a 90% 
reduction in infection severity was obtained with 6- and 9-h ex-
posure periods. Exposure to temperatures of 39 and 42°C resulted 
in an infection severity not significantly different from that of the 
untreated control. Infection severity at 36, 39, or 42°C was sig-
nificantly less than that at 30°C. 

In separate three-factor experiments, in which pre-exposure 
time at 18°C as well as exposure time to conducive and supracon-
ducive temperatures were varied, there were no significant inter-
actions (P > 0.35) among any of the main effects. For the factor of 
exposure temperature, all treatments were significantly different 
(P = 0.003) from the inoculated control (Fig. 3A). Infection sever-
ity decreased with increasing exposure temperature, with the ex-
ception that no difference between exposure at 30 and 33°C was 
observed. There was no effect of exposure time, but there was a 
trend (P = 0.08) of a reduction in infection severity as the length 
of exposure to supraconducive temperatures increased (Fig. 3B). 
Unexpectedly, there was a significant effect (P < 0.0001) of pre-
exposure time at 18°C. The 5-h pre-exposure treatment at 18°C 
prior to exposure to supraconducive temperatures resulted in sig-
nificantly higher disease severity than that with 3- and 8-h pre-
exposure treatments (Fig. 3C). 

Exposure to simulated field temperatures and effect of time of 
inoculation. The main effects of temperature regime (P < 0.0001) 
and inoculation time (P = 0.0003) were significant, but their inter-
action term was not (P = 0.52). All temperature treatments were 
significantly different from each other. Both fluctuating tempera-
ture regimes resulted in significantly lower infection frequencies 
than that with the optimal 18°C. Inoculations performed at 1300 h 
resulted in significantly lower infection frequencies than did in-
oculations performed at either 0900 or 1700 h (Table 3). Inocula-
tions at 1700 h resulted in infection frequencies significantly 
greater (P = 0.05) than those at 0900 and 1300 h. 

Effect of temperature on host susceptibility. Effect of con-
stant temperature. Only exposure of plants to 32°C prior to inocu-
lation resulted in a significant (P < 0.0001) reduction in infection 
severity compared with that of the inoculated control (Fig. 4). 

There was a trend (P = 0.086) toward decreased disease severity 
for exposure to temperatures �24°C. 

Exposure to simulated field temperatures. Both the 26 May 
2001 and 2 July 2001 treatments resulted in significantly lower (P < 
0.0001) infection frequencies that that under optimal conditions 
(Fig. 5). 

DISCUSSION 

Infection severity of P. macularis on hops is highly sensitive to 
exposure to supraconducive temperatures. Exposure to 30°C for as 

TABLE 2. Effect of exposure to supraconducive temperaturesw on the infec-
tion severityx of Podosphaera macularis on hops after pre-exposure under 
optimal conditions 

Pre-exposure Exposure temperature (°C) Pre-exposure 
time (h) 18 30 33 36 39 42 time meany 

8 4.16 1.64 1.92 0.35 0 0 1.34 
24 4.27 4.41 3.26 1.85 0.04 0.003 2.29 
48 4.33 3.28 3.24 3.37 0.16 0.14 2.42 
        
Exposure tem-

perature meanz 
 

4.25 
 

3.12 
 

2.76 
 

1.86 
 

0.07 
 

0.05 
 

w Plants were inoculated with a conidial suspension, air-dried, incubated at 
18°C for 8, 24, or 48 h; incubated at 18, 30, 33, 36, 39, or 42°C for 6 h; 
and then incubated at 18°C for 7 to 10 days. 

x Mean infection severity (number of lesions per cm2 of leaf area) of four 
replications in time. 

y Mean infection severity at said pre-exposure time across all exposure tem-
peratures. 

z Mean infection severity at said exposure temperature across all pre-expo-
sure times. 

 

Fig. 3. Effect of exposure periods of Podosphaera macularis on hops to con-
ducive or supraconducive temperatures on infection severity. There were no 
significant interactions among the main factors. A, Main effect of supracon-
ducive temperatures. B, Main effect of exposure time to supraconducive 
temperatures. C, Effect of incubation at 18°C prior to exposure to supracon-
ducive temperatures. Controls consisted of inoculated plants exposed to a 
constant 18°C. Means followed by the same letter are not significantly dif-
ferent at P = 0.05 using Fisher’s protected least significant difference test. 
All treatments were significantly different from inoculated controls as indi-
cated by Dunnett’s test (P = 0.05). 
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little as 2 h at the time of inoculation can reduce infection severity 
by 50% or more, and exposure to extreme temperatures (�39°C), 
which frequently occur in Pacific Northwest hop yards, appears to 
cause colony death. However, periods of favorable temperatures 
prior to exposure to supraconducive temperatures reduce this ef-
fect. Additionally, exposure to supraconducive temperatures re-
duced host susceptibility. 

The effects of supraconducive temperatures are fairly consistent 
among experiments; as the length of exposure to supraconducive 
temperatures increased, infection severity decreased, regardless of 
timing. The exception was the decreased susceptibility of P. macu-
laris to supraconducive temperatures after a 5-h pre-exposure time 
at 18°C (Fig. 3C). This decrease could be related to changes in 
sensitivity to temperature during appressorium formation. Appres-
sorium formation of P. macularis on strawberry occurs 5 h after 
spore deposition (18). Quin and Powell (19) observed a similar re-
sponse for Oidium begoniae on detached leaves with brief expo-
sures to 29°C. Treatment for 4-h periods during the first 24 h after 
germination only resulted in a reduction in infection severity for 
the periods 0 to 4 h, 8 to 16 h, and 16 to 24 h after infection, cor-
responding to attachment (0 to 4 h) and penetration and hausto-
rium formation (8 to 16 h and 16 to 24 h, respectively). The 4- to 
8-h interval corresponded to appressorium formation. Quin and 
Powell (19) also observed that treatment of whole plants at 28, 32, 
and 40°C for 14, 3, and 2 days, respectively, resulted in eradica-
tion of established infections. 

Xu and colleagues (23,24,26) observed that exposure to fluctu-
ating temperatures, particularly when temperatures reached supra-
conducive levels, increased the latent and incubation periods of P. 
pannosa and P. leucotricha on rose and apple, respectively. In the 
experiments presented here, an increase in the latent period was 
not noted (data not shown). Regardless of the temperature treat-
ment, colonies were visible within 4 to 6 days after inoculation, 
and no colonies were ever observed on the uninoculated controls 
that remained in the chambers programmed with supraconducive 
temperatures. Only small pinpoint colonies developed on plants 
exposed to supraconducive temperatures for >24 h or placed in 
simulated field temperature regimes (data not shown). Turechek et 
al. (22) observed a similar response for P. macularis under con-
stant supraconducive temperatures. This difference in latent peri-
ods observed by Xu (23) could be because of spread from other 
sources, since the experimental conditions used did not appear to 
account for the potential of secondary spread or exposure to air-

borne conidia postinoculation. Ypema and Gubler (29) indirectly 
examined the prolonged effect of fluctuating temperature on the 
infection severity of Erysiphe necator (formerly Uncinula neca-
tor) on grape by observing conidia production from plants ex-
posed to various temperature regimes for 53 days. Exposure of in-
fected plants to temperature regimes of 36°C for 6 h and 40°C for 
3 h resulted in no detectable sporulation within 23 days after be-
ginning the temperature treatments. They concluded that the loss 
of sporulation was most likely because of impaired infection, 
which agrees with the data presented here. 

The time of inoculation or spore deposition onto leaves had a 
significant effect on disease development under simulated field 
temperatures. Significantly greater disease severity following in-
oculation at 1700 or 2100 h is most likely because of the short du-
ration or absence of exposure to supraconducive temperatures 
prior to exposure to conducive temperatures. It is not clear why 
time of inoculation would have a significant impact on infection 
severity of plants maintained at a constant 18°C. It is possible that 
the differences in infection severity at 1300 h are a result of the 
lower humidity at this time; however, similar humidity levels 
were also recorded at 1700 h, with a low occurring around 1600 h 
(data not shown). Numerous studies have shown a reduction in 
germination and germ tube elongation of powdery mildew fungi 
on glass slides associated with decreases in relative humidity 
(8,16). However, when detached leaves were also examined, there 
are conflicting results regarding the effects of humidity on germi-
nation (17,19,27). This could be related to the effects of transpira-
tion. When intact plants were used, there was little effect on ger-
mination associated with decreases in relative humidity (4,28). 
Manners and Hossain (11) observed for Blumeria graminis f. sp. 
avenae, hordei, and tritici that, the further relative humidity di-

TABLE 3. Effect of simulated field temperature fluctuations and inoculation 
time on the infection severityv of Podosphaera macularis on hops 

Time of Temperature regimex Inoculation 
inoculationw Constant 18°C 8 May 2000 9 August 2000 time meany 

0900 h 1.13 0.94 0.16 0.74 b 
1300 h 0.51 0.33 0.006 0.28 a 
1700 h 1.69 1.26 0.53 1.15 c 
2100 h 1.49 0.76 0.43 0.87 bc 
     
Temperature 

regime meanz
 

1.2 a 
 

0.82 b 
 

0.26 c 
 

v Mean infection severity (number of lesions per cm2 of leaf area) of three 
replications in time. Plants were exposed to the temperature regime for 24 h
and then placed at 18°C for 9 days. 

w Plants were inoculated with conidial suspension and air-dried prior to ex-
posure to each temperature regime. 

x Growth chambers were programmed for a constant 18°C or averaged tem-
perature data from 13 hop yards in the Yakima Valley, WA, for 8 May 2000 
and 9 August 2000. These days were randomly chosen from their 
respective months. The temperature regime is shown in Figure 1A. 

y Mean infection severity at said inoculation time across all temperature re-
gimes. Means in this column followed by the same letter are not signifi-
cantly different at P = 0.05 (Fisher’s protected least significant difference test).

z Mean infection severity at said temperature regime across all inoculation 
times. Means in this row followed by the same letter are not significantly 
different at P = 0.05 (Fisher’s protected least significant difference test). 

 

Fig. 5. Effect of simulated field temperatures on leaf susceptibility of hops to 
infection by Podosphaera macularis. All plants were grown at their respec-
tive temperature regime (Fig. 1B) for 7 days prior to inoculation with a co-
nidial suspension, air-dried, and then placed at 18°C for 10 days. Means fol-
lowed by the same letter are not significantly different at P = 0.05 using 
Fisher’s protected least significant difference test. 

 

Fig. 4. Effect of temperature on leaf susceptibility of hops to infection by 
Podosphaera macularis. All plants were grown at their respective tempera-
ture for 7 days prior to inoculation with a conidial suspension, air-dried, and 
then placed at 18°C for 10 days. Means followed by the same letter are not 
significantly different at P = 0.05 using Fisher’s protected least significant 
difference test. 

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2003.93.12.1587&iName=master.img-003.png&w=177&h=117
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2003.93.12.1587&iName=master.img-004.png&w=172&h=113
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verged from the optimal, the greater the effect of supraconducive 
temperatures. A humidity × temperature interaction does not ex-
plain why the same effect of inoculation time was observed when 
only the constant 18°C treatment was analyzed. The most prob-
able explanation is that this phenomenon is due to leaf surface 
temperatures being greater than the ambient air because of effects 
of light irradiation. Burrage (2) observed temperatures on exposed 
hop leaves 3.4 to 5.6°C greater than ambient air and 2.5°C lower 
in shaded areas. It is possible that light levels were great enough 
in the simulated field temperature experiments to cause increased 
heat gain on the leaf surface, thus increasing the exposure tem-
perature. 

The effects of temperature on leaf susceptibility to P. macularis 
could be related to changes in the cuticle and epidermal cell walls 
under low-humidity and high-temperature conditions (9,10,12,13, 
21). The increased thickness could act as a physical barrier to 
penetration. Jhooty and McKeen (8) observed that P. macularis in-
fection of strawberry was related to a combination of cuticle and 
cell wall thickness, while Peries (17) attributed resistance among 
strawberry varieties to the quantity of cutin in the cuticle. Under 
conditions of high humidity or low temperature, hop leaves re-
main succulent longer than those exposed to low humidity, high 
temperature, or both (W. F. Mahaffee, personal observation). Ex-
posure of H. lupulus to temperatures >33°C resulted in more brit-
tle leaves than those on plants grown at 30 or 18°C. Similarly, 
foliar applications of copper have been shown to decrease suscep-
tibility of H. lupulus to P. macularis (20). These applications are 
thought to increase epidermal cell wall thickness (1) and sugar 
content of epidermal cells (7). 

The data presented here indicate that any disease-forecasting 
system for hop powdery mildew, and probably for other powdery 
mildews, should have rules addressing the effect of supracondu-
cive temperatures on infection and plant susceptibility, in addition 
to accounting for the periods conducive for infection. The effects 
of these periods need to be assessed based on when they occur in 
relation to each other and when conidia are being dispersed and 
deposited onto leaf surfaces. It also appears that knowledge of 
how the plant responds to temperature is needed to further en-
hance disease forecasting of powdery mildews. 
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